Abstract: This paper focuses on the design and test technique of an auxiliary power unit (APU) for a range-extended electric vehicle (RE-EV). The APU system is designed to improve RE-EV power and economy; it integrates the power system, generator system, battery system, and APU controller. The parameters of the APU parts are computed and optimized considering the vehicle power demand and the matching characteristic of the engine and generator. The hardware and software systems are developed for the APU-integrated control system. The APU test bench, combined with the displaying part, the control part, and the bench with its accessory, is constructed. Communication connection in the APU system is established by controller area network (CAN) bus. The APU controller outputs a corresponding signal to the engine control unit (ECU) and motor controller. To verify the rationality of the control strategy and the validity of the control logic, the engine speed control and integrated control experiment of the APU system are completed on the test bench. The test results showed that the test control system is reliable and the relevant control logic is in agreement with simulation analysis. The APU-integrated system could be well suited for application in RE-EVs.
Introduction
Range-extended electric vehicles (RE-EVs) are a feasible and provisional solution to the problem of short driving ranges for electric vehicles. Compared to conventional hybrid electric vehicles, they have a larger battery capacity, lower dependence on fossil fuels, and relatively simple powertrain structure, which eliminates complex dynamic coupling devices. The auxiliary power unit (APU) integrates an internal combustion engine and an electric motor to become one major power source in RE-EVs. APUs can provide extra electric power for charging the battery to extend the travelling distance of electric vehicles [1, 2] .
APUs are an important part of RE-EVs, and work by following the power requirements of electric vehicle complex work conditions and satisfying battery state of charge (SOC) energy states [3] . How to manage energy distribution among units of an APU system to maintain high work efficiency is a challenge that demands a prompt solution [4] . Control strategies considering power energy distribution are in great demand in recent APU system design research. The method of multi-objective optimal energy management is proposed to match APU fuel consumption and battery state in the power system of RE-EVs [5] [6] [7] [8] . The energy management optimization problem is proposed to solve the power distribution of APUs and batteries in the charge-sustaining (CS) stage of RE-EVs, which is determined by dynamic programming and pseudo-spectral optimal control, respectively [9] [10] [11] . The dynamic program (DP) algorithm is applied in control strategy design to solve the multi-objective problem. Two of the APU fuel energy losses, battery state of health (SOH) and battery energy losses, are usually expressed as different functions in dynamic programming [12] [13] [14] [15] [16] . A rule-based control strategy, derived from the dynamic programming strategy, is obtained to improve energy efficiency and reduce operating costs [17] [18] [19] . In the study of RE-EV noise, two advanced energy management strategies are described that both increase vehicle range through improved fuel economy and attempt to minimize noise during APU operation [20] . To study the performance of APUs in RE-EVs, simulation models of APUs and their control system are established. Engine speed, torque fuzzy control, and fuel optimal control methods, were validated by simulation models [21] [22] [23] . An APU control method based on linear variable parameters and robust controllers is proposed in [24] , which realizes the stable control of APU output voltage and is composed of a diesel engine and three-phase uncontrolled rectifier, effectively restraining the load mutation to the engine speed and the influence of current generation. A distributed power design was proposed, and the powertrain parameters of this design were calculated in [25, 26] . Most methods concentrate on energy management strategy optimization and improvement for APU fuel economy [27] .
However, the overall considerations of APU coordination control strategies based on experimental research, are not completely involved in related fields. Most of the current research is aimed at energy management strategy optimization, but research into APU bench integration and related bench tests is limited.
The power system structure of the RE-EV studied in this paper is shown in Figure 1 . The Vehicle Control Unit (VCU), which is the core of the whole vehicle control, obtains the vehicle state information from the subcomponent and sends corresponding control commands to a lower stage controller, which manages the corresponding parts to operate according to vehicle control strategies. The data transmission is achieved by controller area network (CAN) bus between various components of the power system.
Energies 2018, 11, 187 2 of 18 [12] [13] [14] [15] [16] . A rule-based control strategy, derived from the dynamic programming strategy, is obtained to improve energy efficiency and reduce operating costs [17] [18] [19] . In the study of RE-EV noise, two advanced energy management strategies are described that both increase vehicle range through improved fuel economy and attempt to minimize noise during APU operation [20] . To study the performance of APUs in RE-EVs, simulation models of APUs and their control system are established. Engine speed, torque fuzzy control, and fuel optimal control methods, were validated by simulation models [21] [22] [23] . An APU control method based on linear variable parameters and robust controllers is proposed in [24] , which realizes the stable control of APU output voltage and is composed of a diesel engine and three-phase uncontrolled rectifier, effectively restraining the load mutation to the engine speed and the influence of current generation. A distributed power design was proposed, and the powertrain parameters of this design were calculated in [25, 26] . Most methods concentrate on energy management strategy optimization and improvement for APU fuel economy [27] . However, the overall considerations of APU coordination control strategies based on experimental research, are not completely involved in related fields. Most of the current research is aimed at energy management strategy optimization, but research into APU bench integration and related bench tests is limited.
The power system structure of the RE-EV studied in this paper is shown in Figure 1 . The Vehicle Control Unit (VCU), which is the core of the whole vehicle control, obtains the vehicle state information from the subcomponent and sends corresponding control commands to a lower stage controller, which manages the corresponding parts to operate according to vehicle control strategies. The data transmission is achieved by controller area network (CAN) bus between various components of the power system. 
APU System Design and Parameter Matching

Vehicle Demand Power
For the RE-EV, the key to match the parameters of the power system components is to make the various APU parts work effectively together under the condition of satisfying the vehicle dynamic performance requirements.
Vehicle power demand on the power system can be expressed by Equation (1) 
APU System Design and Parameter Matching
Vehicle Demand Power
Vehicle power demand on the power system can be expressed by Equation (1) [28] : where P r is the vehicle power demand; m is the vehicle mass; f is the coefficient of rolling friction;
α is the road slope; C D is the air resistance coefficient; A is the frontal area; u is the velocity; δ is the rotational mass coefficient; η T is the power train efficient. Based on a certain type of RE-EV bus, according to the vehicle specifications and performance requirements, a series of matching calculations and parts design of the APU system are carried out to satisfy the demand of vehicle bus range extended distance. The main parameters of electric bus, driving motor, and battery, are listed in Table 1 . To satisfy the power requirement of the RE-EV bus, the engine selected is a 1.9 Liter four-stroke, turbocharged, intercooled high-speed diesel engine with an exhaust gas recirculation (EGR) system. The generator selected is a permanent magnet synchronous motor [29] . The specific parameters of the APU are shown in Table 2 . Table 2 . APU specification parameters.
Engine Parameters
Engine types diesel Engine displacement (L) 1.9 Speed range (r/min) 850~4000 Rated power (kW)/Speed (r/min) 82/4000 Maximum torque (Nm)/Speed (r/min) 235/1800~2300 low, speed ranges from 1600 to 3000 r/min, torque ranges from 130 to 220 Nm, and the power output range is 25~70 kW.
P e = T e 2πn e 60 × 10
where b e is the engine fuel consumption rate (g/kWh); n e is the engine speed (r/min); T e is the engine torque (Nm); P e is the power of the engine output (kW).
Engine efficiency is a function of the engine speed and torque. This relationship is described by
where P c is the enthalpy flow related to the fuel mass flow and M f ; H l stands for the lower heating value of the fuel. The engine efficiency defined in Equation (4) is often expressed in an engine map, as shown in Figure 3 . The "optimization area" labels the operating region with the highest efficiency [30] . The high-efficiency area represents the expected engine operation region. By constraining the engine torque and speed in such an area without degrading the engine output capacity, the engine shows high operation efficiency, which can help to improve fuel economy. 
where e b is the engine fuel consumption rate (g/kWh); e n is the engine speed (r/min); e T is the engine torque (Nm); e P is the power of the engine output (kW).
Engine efficiency is a function of the engine speed and torque. This relationship is described by The engine efficiency defined in Equation (4) is often expressed in an engine map, as shown in Figure 3 . The "optimization area" labels the operating region with the highest efficiency [30] . The high-efficiency area represents the expected engine operation region. By constraining the engine torque and speed in such an area without degrading the engine output capacity, the engine shows high operation efficiency, which can help to improve fuel economy. 
Generator Characteristics
Based on the performance curve of the generator and battery charging and discharging efficiency data, generator efficiency is defined as Equation (5):
where η gen is the generating efficiency of the generator; η g is the speed of the generator; P g is the output power of the generator. The torque and power characteristics of the generator are shown in Figure 4 . The generator efficiency map is shown in Figure 5 . Comparison of the economy region is also shown in Figure 5 . The generator can supply the engine load and keep the high efficiency region around 90%. Power and speed can be well-matched in the engine economy work region.
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APU-Integrated Control System Design
Hardware Design for the APU Controller
The APU controller is the core of the APU layer, controlling the working status of the APU system. The APU controller should have the following functions: obtain the sensor parameters; receive the start, stop, and power commands from the vehicle controller; achieve coordination control for the APU system; run the full diagnosis for the entire system. The hardware structure of the APU controller designed is shown in Figure 6 . 
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Hardware Design for the APU Controller
The APU controller is the core of the APU layer, controlling the working status of the APU system. The APU controller should have the following functions: obtain the sensor parameters; receive the start, stop, and power commands from the vehicle controller; achieve coordination control for the APU Energies 2018, 11, 187 6 of 18 system; run the full diagnosis for the entire system. The hardware structure of the APU controller designed is shown in Figure 6 . The designed APU controller includes an input module, pulse-width modulation (PWM) output module, CAN communication module, and power output module. Analog inputs include a water temperature sensor, oil pressure sensor, engine speed sensor, and throttle position sensor. Digital signals include an engine diagnostic light alarm, on board diagnostic (OBD) alarm, oil water cut, and preheat indicator. The engine control unit (ECU) output throttle voltage signal is controlled by the PMW output modules. Battery, motor, and the control signal, communicate through CAN bus. The relay switches are controlled by the APU controller.
Circuit Design for the APU-Integrated Control System
The APU-integrated control system includes an ECU, generator control unit (GCU), Battery Management System (BMS), and APU controller. The system circuit designed is shown in Figure 7 . The green line is the control signal line, while the black thin and thick lines represent the low and the high voltage circuits, respectively. The open relay switch means it is normally an open switch, while the closed relay switch means that it is normally a closed switch.
The APU-integrated control system circuit can be divided into two blocks: one for the controller power circuit and the other for the battery power circuit. The controller power circuit controls the relays K8, K7, and K6, to start the controller. The battery power circuit can be divided into three parts: the battery main circuit, pre-charge circuit, and discharge circuit. The battery main circuit is controlled by the relays K2 and K5. The pre-charge circuit is controlled by the relays K3, K4, and K5. The discharge circuit is controlled by the relay K1. The designed APU controller includes an input module, pulse-width modulation (PWM) output module, CAN communication module, and power output module. Analog inputs include a water temperature sensor, oil pressure sensor, engine speed sensor, and throttle position sensor. Digital signals include an engine diagnostic light alarm, on board diagnostic (OBD) alarm, oil water cut, and preheat indicator. The engine control unit (ECU) output throttle voltage signal is controlled by the PMW output modules. Battery, motor, and the control signal, communicate through CAN bus. The relay switches are controlled by the APU controller.
The APU-integrated control system circuit can be divided into two blocks: one for the controller power circuit and the other for the battery power circuit. The controller power circuit controls the relays K8, K7, and K6, to start the controller. The battery power circuit can be divided into three parts: the battery main circuit, pre-charge circuit, and discharge circuit. The battery main circuit is controlled by the relays K2 and K5. The pre-charge circuit is controlled by the relays K3, K4, and K5. The discharge circuit is controlled by the relay K1.
Software Design for the APU-Integrated Control System
The main function of the APU controller is to control the engine speed and generator torque, based on the requirements of vehicle power and battery SOC. The vehicle controller provides the target power to the APU according to the vehicle's power and the battery SOC. The engine-generator coordination control uses the speed and torque dual-closed-loop control strategy, i.e., the closed-loop strategy for the speed of the engine and torque of the generator. 
The main function of the APU controller is to control the engine speed and generator torque, based on the requirements of vehicle power and battery SOC. The vehicle controller provides the target power to the APU according to the vehicle's power and the battery SOC. The enginegenerator coordination control uses the speed and torque dual-closed-loop control strategy, i.e., the closed-loop strategy for the speed of the engine and torque of the generator.
The software programs for APU include data acquisition, control strategy, data communication, and output feedback. The CodeWarrior software (Freescale Semiconductor, CodeWarrior5.0, Austin, TX, USA) integrated development environment is applied to complete the hardware driver and the APU control program coding. The coding of the hardware driver mainly includes the configuration of the bus and the initialization of the clock, analog to digital (ATD), PWM, and CAN modules. According to the working characteristics of the APU system, APU control logic is divided into five states: start, warm-up, operation, shut down, and trouble shooting. The control logic of the APU system is shown in Figure 8 . The software programs for APU include data acquisition, control strategy, data communication, and output feedback. The CodeWarrior software (Freescale Semiconductor, CodeWarrior5.0, Austin, TX, USA) integrated development environment is applied to complete the hardware driver and the APU control program coding. The coding of the hardware driver mainly includes the configuration of the bus and the initialization of the clock, analog to digital (ATD), PWM, and CAN modules. According to the working characteristics of the APU system, APU control logic is divided into five states: start, warm-up, operation, shut down, and trouble shooting. The control logic of the APU system is shown in Figure 8 . 
The software programs for APU include data acquisition, control strategy, data communication, and output feedback. The CodeWarrior software (Freescale Semiconductor, CodeWarrior5.0, Austin, TX, USA) integrated development environment is applied to complete the hardware driver and the APU control program coding. The coding of the hardware driver mainly includes the configuration of the bus and the initialization of the clock, analog to digital (ATD), PWM, and CAN modules. According to the working characteristics of the APU system, APU control logic is divided into five states: start, warm-up, operation, shut down, and trouble shooting. The control logic of the APU system is shown in Figure 8 . 
The Communication Solution for the Integrated Control System
As shown in Figure 9 , according to the hierarchical control scheme, the vehicle control system can be divided into three layers.
As shown in Figure 9 , according to the hierarchical control scheme, the vehicle control system can be divided into three layers. The first layer is the controller of the vehicle, which receives operating instructions from drivers, as well as dynamic monitoring information from the APU and battery management systems. Then, it analyzes the driver's intentions and calculates the vehicle power demand; completes the energy distribution between the power generating system and battery state according to the control strategy; and, lastly, sends the switch instructions and power demands to the APU.
The second layer includes the controller of the APU and battery management system. The controller of the APU receives the start or shutdown command from the controller of the vehicle, and controls the operation of the generating system accordingly. After receiving the power demand, it finds the most economical speed and torque by querying the map calibrated in advance, and then coordinates the engine and generator to realize the regulation of output power.
The third layer includes the ECU of the engine and controller of the generator. The ECU of the engine is mainly responsible for receiving and performing the switch instructions and throttle opening signal from the APU controller. The generator controller mainly accepts and executes instructions, such as electric switches or power generation modes and electromagnetic torque adjustments, from the controller of the APU system.
The design of the display interface is completed through the Labview virtual instrument software (National Instruments, Austin, TX, USA). The information in the display interface predominantly includes the basic-setting parameters of CAN communication, the message received, the message state judged, the message sent, data exported, and storage.
Strategy Design for the APU-Integrated Control System
In order to realize the vehicle power demand distributed between the battery and the APU, the APU controller needs to quickly and accurately control for output target power. The realization of target power needs to meet the engine and generator target speed and target torque requirements.
The Engine Speed Closed-Loop Control Method
Engine speed closed-loop control can use the incremental proportional-integral-derivative (PID) adjustment method. The input is the setting speed and the actual speed difference value, and The first layer is the controller of the vehicle, which receives operating instructions from drivers, as well as dynamic monitoring information from the APU and battery management systems. Then, it analyzes the driver's intentions and calculates the vehicle power demand; completes the energy distribution between the power generating system and battery state according to the control strategy; and, lastly, sends the switch instructions and power demands to the APU.
Strategy Design for the APU-Integrated Control System
The Engine Speed Closed-Loop Control Method
Engine speed closed-loop control can use the incremental proportional-integral-derivative (PID) adjustment method. The input is the setting speed and the actual speed difference value, and the output is the engine throttle voltage value. Furthermore, by increasing the throttle feed forward control link, rapid and stable speed regulation can be achieved, as shown in Figure 10. the output is the engine throttle voltage value. Furthermore, by increasing the throttle feed forward control link, rapid and stable speed regulation can be achieved, as shown in Figure 10 . The throttle voltage ( ) u t in PID control with a feed forward link can be expressed as Equation (6): 
The Generator Torque Control Method
The vector control technique is used to control the permanent magnet synchronous generator's electromagnetic torque. By changing the coordinate of the space vector, the electromagnetic torque equation of the permanent magnet synchronous generator is established as Equation (7) [31]:
where g T is the electromagnetic torque; n P is the pole pairs; d 
Engine-Generator Coordination Control Strategy
According to the battery system SOC design requirements, when the vehicle controller is given a power generation system power instruction, the APU system controller can control the system speed and torque reasonably. In order to stabilize the engine at the most economical point of the corresponding power, for each output power, the optimum rotational speed and corresponding torque value in the most economical region of the engine, are calculated, so as to obtain the corresponding throttle position of the engine and the output current of the generator.
The engine-generator coordination control uses the speed and torque dual-closed-loop control strategy, i.e., the closed-loop strategy for the speed of the engine and torque of the generator, as shown in Figure 11 . The throttle voltage u(t) in PID control with a feed forward link can be expressed as Equation (6):
where u(t) is the throttle voltage; K P is the proportional gain; T I the integral time; T D is the derivative time; e(t) is the difference between the engine target speed and the actual speed; u 0 is the test feed forward value.
The Generator Torque Control Method
where T g is the electromagnetic torque; P n is the pole pairs; ψ d , ψ q , ψ f are the d-and q-axis and the fundamental flux magnetic linkage; L d , L q are the d-and q-axis inductance; i d , i q are the d-and q-axis currents.
Engine-Generator Coordination Control Strategy
The engine-generator coordination control uses the speed and torque dual-closed-loop control strategy, i.e., the closed-loop strategy for the speed of the engine and torque of the generator, as shown in Figure 11 . According to the target power, the APU controller calculates the engine target rotation speed, and controls the engine throttle opening through the APU controller PID control module, thereby controlling the engine speed in a closed loop. The output torque of the generator is determined by the engine output current, and the target current is determined by the target power and the bus voltage. The generator controller performs current closed loop control and outputs current according to the target current.
Experimental Research on the APU Test Bench
The APU Test Bench
The APU test bench includes the computer data display part, the control part, and the bench with its accessories. Each part is an independent system. The controller in the system establishes a communication connection through CAN bus. A physical connection is constructed between the battery and generator, and resistance is achieved by a high voltage cable, as shown in Figure 12 . To realize whether parts coordination works, the APU controller outputs a corresponding signal to the ECU and motor controller, and the control strategy and control logic of the APU power system is verified in a bench test. According to the target power, the APU controller calculates the engine target rotation speed, and controls the engine throttle opening through the APU controller PID control module, thereby controlling the engine speed in a closed loop. The output torque of the generator is determined by the engine output current, and the target current is determined by the target power and the bus voltage. The generator controller performs current closed loop control and outputs current according to the target current.
Experimental Research on the APU Test Bench
The APU Test Bench
The APU test bench includes the computer data display part, the control part, and the bench with its accessories. Each part is an independent system. The controller in the system establishes a communication connection through CAN bus. A physical connection is constructed between the battery and generator, and resistance is achieved by a high voltage cable, as shown in Figure 12 . To realize whether parts coordination works, the APU controller outputs a corresponding signal to the ECU and motor controller, and the control strategy and control logic of the APU power system is verified in a bench test. Figure 11 . APU system control schematic.
According to the target power, the APU controller calculates the engine target rotation speed, and controls the engine throttle opening through the APU controller PID control module, thereby controlling the engine speed in a closed loop. The output torque of the generator is determined by the engine output current, and the target current is determined by the target power and the bus voltage. The generator controller performs current closed loop control and outputs current according to the target current.
Experimental Research on the APU Test Bench
The APU Test Bench
The APU test bench includes the computer data display part, the control part, and the bench with its accessories. Each part is an independent system. The controller in the system establishes a communication connection through CAN bus. A physical connection is constructed between the battery and generator, and resistance is achieved by a high voltage cable, as shown in Figure 12 . To realize whether parts coordination works, the APU controller outputs a corresponding signal to the ECU and motor controller, and the control strategy and control logic of the APU power system is verified in a bench test. 
APU Test Application
Engine Speed Control Test
The incremental PID control algorithm is used to achieve APU system speed control. In order to verify the control effect of the APU system, the speed step test and disturbance stability test are carried out. Figure 13 shows the speed step response under PID control. It is generally considered that the system can reach the target speed value within 30 r/min when it is close to the target speed. As shown in Figure 13a , the system has a fast response speed, good tracking, and has no overshoot phenomenon as shown in Figure 13b . When the speed is in a wide range of switching process, the actual speed can follow the target speed changes well.
APU Test Application
Engine Speed Control Test
The incremental PID control algorithm is used to achieve APU system speed control. In order to verify the control effect of the APU system, the speed step test and disturbance stability test are carried out. Figure 13 shows the speed step response under PID control. It is generally considered that the system can reach the target speed value within 30 r/min when it is close to the target speed. As shown in Figure 13a , the system has a fast response speed, good tracking, and has no overshoot phenomenon as shown in Figure 13b . When the speed is in a wide range of switching process, the actual speed can follow the target speed changes well. During the test, the stability of the speed control was checked by sending a torque command to the generator to simulate the disturbance in the working environment. As shown in Figure 14 , the test results show that the system stability is good. 
Start-Stop Test
The APU system start and stop control is achieved through the corresponding relay switches, which are driven by the APU controller. Figure 15 shows the speed change of the APU system during start-up and shut down. During the test, the stability of the speed control was checked by sending a torque command to the generator to simulate the disturbance in the working environment. As shown in Figure 14 , the test results show that the system stability is good. 
APU Test Application
Engine Speed Control Test
Start-Stop Test
The APU system start and stop control is achieved through the corresponding relay switches, which are driven by the APU controller. Figure 15 shows the speed change of the APU system during start-up and shut down. 
Warm-Up Test
The APU system should enter the warm-up working condition after starting. The selected engine speed of 1200 r/min and the water temperature rising curve are shown in Figure 16 . The water temperature increases to a certain value, then the conventional working mode is changed in order to avoid mechanical damage caused by the lower water temperature, as shown in Figure 17 . 
Charging Test
After reaching a normal operating temperature, the APU system runs directly into the corresponding work point according to the current power command. The charging object of the APU system is the battery in the test.
After the system completes the warm-up, the control system will control the APU system to 
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Warm-Up Test
Charging Test
After the system completes the warm-up, the control system will control the APU system to operate at a certain operating point. The data changes during this process are shown in Figure 18 . As shown in Figure 18a , the engine speed will fluctuate in the process of increasing torque. Although the engine speed can quickly restore to the target speed under PID control, the current and APU power will also fluctuate in the process of engine adjustment, as shown in Figure 18b ,c.
In the APU control system, generator torque control is based on control of the current and the response is very fast. The engine speed can be regarded as the function of the throttle opening and the load, so the speed control adjustment is relatively slow. The rapid change of the target power will cause frequent fluctuations in the engine speed between different power levels, and different response speeds will cause an overshoot in speed control, which will cause the efficiency of the generator to reach 100% in some points. As shown in Figure 18d , the efficiency of the generator is ineffective at these points.
APU Power Following the Experiment
In the asynchronous regulation strategy, APU control can be decomposed into speed regulation and torque regulation. In the speed regulation, the speed needs to quickly and accurately respond to the target speed, and in the torque regulation, the speed is required to stay near the target speed under the torque disturbance.
Speed Regulation Experiment
As shown in Figure 19 , under the current PI control, engine speed can follow the acceleration and deceleration steps of the target speed. When the speed has a large-scale switch, the engine speed is also able to follow the target speed well. As shown in Figure 18a , the engine speed will fluctuate in the process of increasing torque. Although the engine speed can quickly restore to the target speed under PID control, the current and APU power will also fluctuate in the process of engine adjustment, as shown in Figure 18b ,c.
APU Power Following the Experiment
In the asynchronous regulation strategy, APU control can be decomposed into speed regulation and torque regulation. In the speed regulation, the speed needs to quickly and accurately respond to the target speed, and in the torque regulation, the speed is required to stay near the target speed under the torque disturbance. As shown in Figure 19 , under the current PI control, engine speed can follow the acceleration and deceleration steps of the target speed. When the speed has a large-scale switch, the engine speed is also able to follow the target speed well. Figure 19 . APU speed step response curve.
Torque Regulation Experiment
As shown in Figure 20 , the engine speed will fluctuate in the process of increasing torque. Although the engine speed can quickly restore to the target speed under PID control, the torque should not increase too fast. 
Power Regulation Experiment
When the APU output power undergoes small-scale changes, power can be followed by changing the torque while remaining at the same engine speed. As shown in Figure 21 , the change of APU output power can be followed by the changing of the torque. When the APU system is adjusted by 2000 r/min, 3000 r/min, and 3500 r/min respectively, adjusting the torque of the generator output gives the corresponding optimal economy-power. It can Figure 19 . APU speed step response curve.
Torque Regulation Experiment
Power Regulation Experiment
When the APU output power undergoes small-scale changes, power can be followed by changing the torque while remaining at the same engine speed. As shown in Figure 21 , the change of APU output power can be followed by the changing of the torque. When the APU system is adjusted by 2000 r/min, 3000 r/min, and 3500 r/min respectively, adjusting the torque of the generator output gives the corresponding optimal economy-power. It can 
When the APU output power undergoes small-scale changes, power can be followed by changing the torque while remaining at the same engine speed. As shown in Figure 21 , the change of APU output power can be followed by the changing of the torque. 
Torque Regulation Experiment
Power Regulation Experiment
When the APU output power undergoes small-scale changes, power can be followed by changing the torque while remaining at the same engine speed. As shown in Figure 21 , the change of APU output power can be followed by the changing of the torque. When the APU system is adjusted by 2000 r/min, 3000 r/min, and 3500 r/min respectively, adjusting the torque of the generator output gives the corresponding optimal economy-power. It can When the APU system is adjusted by 2000 r/min, 3000 r/min, and 3500 r/min respectively, adjusting the torque of the generator output gives the corresponding optimal economy-power. It can be seen from Figure 22 that the system can realize specified power output generally and stabilize transition between different speeds.
When adjusting the speed and torque of the engine, the engine-generator synchronous dynamic regulation strategy is used, as shown in Figure 22 , while adjusting the speed and slowly reducing the torque, so as to achieve the target power. The slope of the torque is calibrated by the experiments.
Energies 2018, 11, 187 15 of 18 be seen from Figure 22 that the system can realize specified power output generally and stabilize transition between different speeds. When adjusting the speed and torque of the engine, the engine-generator synchronous dynamic regulation strategy is used, as shown in Figure 22 , while adjusting the speed and slowly reducing the torque, so as to achieve the target power. The slope of the torque is calibrated by the experiments. The output power and fuel economy under different speeds is shown in Table 3 , where it can be seen that the optimal economy of the engine is observed at 2200 r/min. In order to improve the power performance of the vehicle, the output power of the APU system can also be improved appropriately. The economy of the system declined, but still meets the economic requirements. 
Conclusions
The integrated system design and test technique of the APU for a RE-EV were studied in this paper. The APU test bench includes the computer data display part, the control part, and the bench with the engine, generator and battery system. The full test data of APU control and performance effects was verified by test application. The results and conclusions can be summarized as follows:
(1) A new integrated system was built that used APU parts, in the electrical vehicle work state, and fulfilled the performance requirements. The optimization algorithm of the APU parameters, based on the characteristics of the efficiency maps of the engine and the generator, was analyzed and developed. (2) An APU controller was designed to combine the hardware, software, and communication system design, which considered the optimization coordination control strategy for engine speed and generator torque. (3) The comprehensive test bench of the APU system was constructed, which can receive instructions from electric vehicles and feedback from the battery SOC. The controller of the designed APU system can deal with the engine acquisition and generator data, communicate with the battery system, and automatically control APU work at a reasonable speed and torque according to the power demand of the vehicle. All input and output parameters and the control processing can be displayed in real time on a computer. (4) The engine speed control and integrated control experiment of the APU system were completed on the test bench. The power regulation experiment results for the optimization of design The output power and fuel economy under different speeds is shown in Table 3 , where it can be seen that the optimal economy of the engine is observed at 2200 r/min. In order to improve the power performance of the vehicle, the output power of the APU system can also be improved appropriately. The economy of the system declined, but still meets the economic requirements. 
(1) A new integrated system was built that used APU parts, in the electrical vehicle work state, and fulfilled the performance requirements. The optimization algorithm of the APU parameters, based on the characteristics of the efficiency maps of the engine and the generator, was analyzed and developed. (2) An APU controller was designed to combine the hardware, software, and communication system design, which considered the optimization coordination control strategy for engine speed and generator torque. (3) The comprehensive test bench of the APU system was constructed, which can receive instructions from electric vehicles and feedback from the battery SOC. The controller of the designed APU system can deal with the engine acquisition and generator data, communicate with the battery system, and automatically control APU work at a reasonable speed and torque according to the
